In this paper we report the study of metallo-organic polymer gels of [Fe(II) (4-octadecyl-1,2,4-triazole) 3 (ClO 4 ) 2 ] n in toluene. A thorough investigation of the molecular structure and the viscoelastic properties of the metallo-organic polymer gels in toluene has been carried out by small angle neutron scattering and controlled stress oscillatory rheology as a function of temperature and concentration in order to understand the selfassembly process leading to the gel formation. The results obtained point out a side-byside aggregation of the individual metallo-organic polymer chains, behaving as "living" polymers, into fibres of different cross-sections as responsible for the gelation of these systems.
INTRODUCTION
Metallo-organic polymer chains of Fe(II) ions bridged by triazole ligands exhibit thermally induced transitions between two different electronic states: a diamagnetic (S=0) low spin state and a paramagnetic (S=2) high spin state. This spin transition is usually accompanied by changes in the optical and other physico-chemical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . This behaviour has attracted a great deal of interest due to the potential applications of these systems in the design of multi functional materials with interesting thermal, optical, magnetic and electronic properties [10] [11] [12] [13] [14] .
The main problem that needs to be overcome for the development of new functional materials is how to preserve the bulk properties of the metallo-organic polymer in the solid state, in systems suitable for technological applications. For this purpose strategies such as Langmuir-Blodgett techniques [15, 16] , layer-by-layer assembly [17] , electron beam lithography [18] and self-organization of molecular spin-transition units into hierarchically organized domains across different length scales, have been applied [5, 19] .
In this context, the ability to isolate and preserve such linear metallo-organic polymers in solution forming gels and polymer films constitutes a route to obtain novel functional materials, although this methodology has been little developed so far [20] [21] [22] [23] [24] .
In previous works [6, 7] , we have reported on the structure of a metallo-organic polymer in the solid state using DSC and WAXD and SAXS techniques. We have also confirmed that the metallo-organic polymer based on chains of Fe(II) ions bridged by triazole ligands was able to produce thermoreversible gels in some organic solvents (i.e. toluene, cis-and trans-decalin). The obtained gels showed sol-gel transition temperatures that can be tuneable through the control of the polymer concentration and solvent type. However, the results obtained in these studies pointed out the structural differences between systems and different gelation mechanisms in the preparation of metallo-organic polymer in different solvents, which suggest the necessity to deepen in the structural characterization of these forming gels. Other studies [25, 26] have evidenced the fibril nature of analogous metallo-organic polymer gels through AFM and TEM studies, but the aggregation mechanisms conducting to the fibre formation remains to be understood. Consequently, the aim of this paper is the examination of the resulting molecular structure of the metallo-organic polymer gels in toluene, one of the solvents in which this polymer forms thermoreversible gels as a function of temperature and concentration by small angle neutron scattering (SANS). This allows us to understand the self-assembly process and the gelation mechanism of this polymer complex gel. In addition, the rheological behaviour of the system at different temperatures is also analysed in order to verify the mechanism proposed.
EXPERIMENTAL PART

Materials
For the synthesis of 4-octadecyl-1,2,4-triazole (ODT), monoformylhydrazine (Aldrich) triethylorthoformate (Fluka), octadecylamine (Fluka) and 1-pentanol (Aldrich) were used. 1-pentanol was dried over anhydrous calcium sulphate and stored under nitrogen atmosphere before use. For the synthesis of the iron complex, iron(II) perchlorate (Aldrich) and ethanol (Merck) were used without previous purification. The solvent used for gel preparation was toluene (Merck).
Sample preparation
The metallo-organic polymer [Fe(II) (ODT) 3 (ClO 4 ) 2 ] n was obtained by a method reported previously [7] gels were prepared by mixing appropriate amounts of metallo-organic polymer and toluene at 65 ºC until complete dissolution. Then, the formed solutions were quenched below 25 ºC, the gelation temperature. As a result, transparent gels with concentrations ranging from 3% to 25% (g/mL) were obtained.
Small Angle Neutron Scattering (SANS)
SANS experiments were carried out using LOQ small angle diffractometer at the ISIS Pulse Neutron Source (STFC facility Rutherford Appleton Laboratory, Didcot, UK) with a 12 mm diameter incident beam [27] . The neutron wavelength, λ, was employed in a range of 2.2 Å-10 Å, giving a scattering vector range │q│ of 0.009 Å -1 0.25 Å -1 where q = 4πsinθ/λ and 2θ. Scattering profiles of each sample were accumulated for 60 minutes in order to obtain a good signal to noise ratio. The data were collected on the two-dimensional ORDELA area detector. The obtained raw data were corrected for the absorption and scattering from the sample container and converted to an absolute scale using established procedures [28] [29] [30] . The twodimensional data were reduced to one-dimensional differential scattering cross-section ((dΣ/dq)(q)), as a function of │q│. Data analysis was performed in a non-linear least squares data-fitting program (FISH) [31] . The evaluation of incoherent scattering was incorporated into the data fitting method.
Viscoelastic measurements
Rheological studies were performed using a controlled stress oscillatory 
RESULTS AND DISCUSSION
In order to investigate the molecular structure of the metallo-organic polymer gels in toluene, SANS experiments were performed at different concentrations and temperatures. Figure 1 shows the small angle neutron scattered intensity as a function of q plotted in a log-log scale for a sample of concentration 3% (g/mL) at temperatures in the range from 0 ºC to 100 ºC. As can be seen from Fig 1(A) , the intensity scattered at high angles is qualitatively similar, indicating that structural features at short distances do not vary with temperature. However, at low angle values, the scattering intensity is dependent on the temperature. Actually, the scattered intensity increases as the temperature decreases probably due to an aggregation process of the metallo-organic polymer chains. A significant change in the scattered intensity profile between 20 and 25 ºC is also evident that might be related to a possible structural transition.
For the sake of clarity, the scattering curve of the sample at a concentration of 3%
(g/mL) at 25 ºC is depicted in Figure 1B (g/mL). This allows us to evaluate the effect of concentration on the molecular structure of the gel. "Bell-shaped" curves are observed for all the concentrations, with the maximum of the peaks at approximately the same q value. Hence, despite the fact that the increase of concentration gives rise to more intense peaks, the rod-like cylindrical structure of the metallo-organic polymer chains in the gels appears to be independent of the concentration of the samples. However and as it is shown in Figure 2 (B), where the scattering curves of the formed gels are represented as a function of temperature, there is an effect of the temperature on the molecular structure of the gels. Although the "bell-shaped" curves are observed for each temperature, which indicates that the rodlike structure is also independent of temperature, there is a shift of the peak toward
lower q values at temperatures below 25ºC, suggesting a different supra molecular organization of the metallo-organic polymer chains, as we will discuss in the following sections. Figure 3 shows the experimental scattering curve of the metallo-organic polymer/toluene system with a concentration of 3% (g/mL) measured at 30 ºC. The experimental curve can be fitted by considering a solid-cylinder model of cross-section radius r c and length of the cylinder L. For qL>1 and L>r c the theoretical scattering intensity of a solid cylinder is written as [36, 37] :
Molecular structure at T >25 ºC
where µ L is the mass per unit length, C p solid cylinder concentration, J 1 is the first order Bessel function. As it can be observed in the plot, the theoretical equation fits reasonably well the experimental data in the q-region under study. The best fit was obtained for: (g/mL) by fitting the experimental scattering curves to the solid-cylinder model of equation 1.
Kratky representation Effect of temperature on discrete metallo-organic polymer fibres above 25 ºC:
Application of Cate´s theory
Individual fibres of the metallo-organic polymer in the gel state undergo a decrease in length as the temperature increases for all the concentrations (see Table 1 ). This behaviour is probably due to a local rupture of the polymer chains as a consequence of the change in the coordination of the Fe(II) ions as reported before for analogous Co(II) triazole polymer complexes [38] . As we will present further in the manuscript, the rheological behaviour of the system points out the Maxwell type relaxation processes.
Additionally, as it has been stated before, neutron scattering experiments suggest that the molecular structure of the metallo-organic polymer in the gel state is fibre-like.
Considering these two results, it should be possible to describe the metallo-organic complex as a "living" polymer, where only a characteristic relaxation time is involved.
In that case, the system could be studied through Cate´s theory [39, 40] in which the characteristic relaxation time is a contribution of two characteristic relaxations processes associated to the reptation (rep) of the polymer chains and to the scission (break) of the fibres, τ= (τ rep .τ break ) 1/2 [41, 42] .
Cate´s theory [39, 40] considers that the relaxation mechanism of the metallo-organic complex is a scission/recombination mechanism. Due to this mechanism the length distribution of the chains (fibres) depends on the temperature, the concentration as well as on the scission energy of the chains. Among others, the main hypothesis of this theory is that the scission energy is independent of the concentration. Therefore, it is possible to calculate the distribution in length of fibres that obeys Boltzman statistics in the thermodynamic equilibrium, through living polymers:
Being φ the fibre volume fraction, α an exponent which depends on the long-range statistics of the filaments and R = 8.31447 J/mol·K Figure 4 represents the evolution of the average length with temperature for metalloorganic polymer gels at concentrations of 6, 12 and 25% (g/mL) as determined from SANS measurements. As can be observed, the experimental points follow two different linear dependencies that crossover at 75, 71 and 45 ºC for concentrations of 6, 12 and 25% (g/mL), respectively. This crossover temperature corresponds to the separation between two different relaxation behaviours: At high temperatures the scission energy obtained E sci ≈ 36-54 KJ/mol is almost independent of the gel concentration, suggesting that we are dealing with rather "living-like polymers". Therefore, the scission energy will correspond to the breakage or scission process of individual fibres (as seen in Figure 4 ). Nevertheless, at low temperatures the scission energy decreases as the concentration increases, which means that as the concentration increases a higher increment of temperature is necessary to provoke the same length variation. This result can be explained considering that the relaxation of the polymer at these temperatures implies a reptation process and further scission of the fibres. fibres for samples at concentrations of 6, 12 and 25% g/ml in toluene.
Molecular structure at T < 25ºC
In Figure 5 the Kratky plots for gels of concentration 3% (g/mL) measured at 0 ºC are depicted. As mentioned before, the peaks of the scattering curves appear at lower values of q suggesting the presence of fibrils or cylinders of larger diameters, probable formed due to the aggregation of single metallo-organic polymer chain fibres. Therefore, it is not possible to fit our experimental data using eq (1) considering single polymer chain fibres as shown in Fig. 3 .
In a first attempt to fit the experimental data we tried a model that considers a twopopulation system of fibres, one of the population formed by single chain molecules and the other one formed by the aggregation of different chains, with radii r c and R and linear masses µ L1 and µ L2, respectively given by (for L>r):
where x is the fraction of the population of single chain fibres.
The best fit of the experimental data of the gel sample with a concentration of 3%
(g/mL) at 0 ºC with equation (3) To verify whether these two possible molecular structures could fit the experimental data, the theoretical scattering curves were more explicitly written by considering Oster and Riley form factor for a collection of n cylinders [43] :
where n in the number of rod-like entities and φ(qr) their cross-section scattering.
For an aggregate formed with two cylinders n = 2 (see Figure 5B ), the equation (4) becomes:
and considering a two population system of individual solid cylinder structures and this kind of aggregates with n = 2, the scattering intensity gives:
where R = 2r c + l, being l the distance between cylinders (see the model in Fig. 5B ). to consider the possibility of the presence of a third cylinder in the agglomerated structure. Therefore, we proposed a third model that considers the scattering of a mixture of two population of rods with radii r c and a population formed by the parallel association (see Figure 5C ) of three elementary fibrils, n = 3. Therefore, considering the Oster and Riley form factor [43] for a system with n = 3 parallel fibrils, equation (4) becomes:
where l is the distance between the cylinders; and considering the two population system as before:
Fixing the masses per unit length, C p µ L1 = 0.04, C p µ L2 = 0.12, the best fit obtained by applying equation (8) Thus, we considered another organization of the molecular structure by proposing a last molecular model formed by individual solid cylinders and a second population formed by aggregates of three elementary fibrils but disposed in a triangular arrangement.
Considering the Oster and Riley form factor for a system with n = 3 fibrils assembled as a triangular geometry and the presence of the two population system indicated, equation (4) becomes:
where R = 2r c + l.
The theoretical curve obtained through eq (9) fits fairly well the experimental data (see Figure 5D ). 
Viscoelastic properties of metallo-organic polymer gels in toluene.
The gel state in the metallo-organic polymers/toluene system and its viscoelastic properties were investigated using oscillatory rheology. As it is known, a physical gel should be characterized rheologically by an elastic modulus at zero frequency [44] .
Therefore, the metallo-organic polymer/toluene system was studied through frequency experiments represented in Figure 6 . The measurements were carried out in the linear viscoelastic regime, as determined through oscillatory strain scans. In Figure 6 , the evolution of storage modulus (G´) and loss modulus (G´´) with the applied frequency for samples of concentration 6% (g/mL) for temperatures between 55 and 80 ºC are represented.
As it can be seen in the plot at 55 and 60 ºC, G´ and G´´ are found to be weakly 
